Abstract. With increasing reliance on the location and orientation sensors in smartphones for not only augmented reality applications, but also for meeting government-mandated emergency response requirements, the reliability of these sensors is a matter of great importance. Previous studies measure the accuracy of the location sensing, typically GPS, in handheld devices including smartphones, but few studies do the same for the compass or gyroscope (gyro) sensors, especially in real-world augmented reality situations. In this study, we measure the reliability of both the location and orientation capabilities of three current generation smartphones: Apple iPhone 4 and iPhone 4s (iOS) phones, as well as a Samsung Galaxy Nexus (Android). Each is tested in three different orientation/body position combinations, and in varying environmental conditions, in order to obtain quantifiable information useful for understanding the practical limits of these sensors when designing applications that rely on them. Results show mean location errors of 10-30 m and mean compass errors around 10-30
Introduction
Smartphone augmented reality applications typically require the user's location (latitude, longitude) and orientation (relative to north) within certain bounds of accuracy. Some applications may require only relative device orientation, such as that produced by a gyroscope, which can determine changes in device orientation, albeit not relative to north. For example, our In Situ Audio Services application [2] , which renders points of interest via spatialized audio to blind users, relies on both the location of the device and its orientation relative to north. Due to the unreliability of the sensors, the scene was frequently misrendered, with points of interest in the wrong direction and/or at the incorrect distance. The study described in this paper was motivated by these issues arising from smartphone sensor unreliability. Specifically, we needed to determine when and by how much these sensors failed to provide accurate GPS, orientation, and gyro data. To do so, we walked two separate areas in Montreal 18 times each, with three smartphones in different body position and device orientation combinations, resulting in a total of 108 device logs for analysis. Based on the results, we are able to offer several recommendations for designers of other augmented reality smartphone applications. By way of example, we describe how we revised one of the rendering techniques of our application to take into account the high degree of sensor unreliability.
Previous Work
Accuracy has significant impact on real-world usability of mobile devices, e.g., for transit tracking systems [12] , and there has thus been considerable work in evaluating the accuracy of smartphone sensors. Most such studies find that the GPS accuracy of a smartphone is considerably less than that of a dedicated GPS device designed solely for navigation purposes. These findings hold true for devices such as the Apple iPhone, which augments the standard GPS with WiFi and cellular tower information, as well as an online database of satellite locations, to implement augmented GPS (A-GPS) [16] . Accuracy is often measured by maintaining the device in a stationary position over a given sampling duration. This scenario is common in domains such as forestry, where the GPS unit can be left in position for an extended period to obtain a better fix, but is of limited relevance to an augmented reality application. For such tests in ideal open-sky conditions in a forest, even the best consumer-grade dedicated GPS systems yield average errors on the order of 2 m [15] . In more typical augmented reality application conditions, on-body location of the GPS receiver has been found to impact accuracy [13] , as does the manner in which a smartphone is held [3] . Studies that examine the accuracy of various location sensors while the device is in motion often use one, presumably more accurate, device, such as a higher-end GPS unit, as the reference, although this can only establish relative error. This may be a reasonable approach in areas without tall buildings in good weather conditions, and when evaluating devices and approaches that are expected to have significantly higher error than the "reference" unit [4] . Other reports do not appear to use ground truth measurements, but instead rely solely on location accuracy estimates reported by the device itself [14] . To save power, the GPS sensor can be turned off between readings, although this may further decrease accuracy [7] .
A tradeoff between cost of components, power and accuracy is also evident for the three-axis magnetometers, commonly used to determine the orientation of a device relative to north [6] . Again, the often poor accuracy of the compass headings produced by the magnetometer can be a critical issue for augmented reality (AR) applications [1] . Body position, how the phone is held, and the effects of device movement when carried while walking can all impact compass readings [4] . Filtering the raw magnetometer data in order to remove sensor noise has been proposed [5, 8] , but such solutions do not measure or improve the accuracy of the compass when it is subjected to distortions of the local magnetic field. One measure of the compass accuracy of a Nokia phone, taken while walking in
